The photodissociation dynamics of methyl nitrite, CH 3 ONO, on Ag͑111͒ have been simulated using a description that models 61 cis-methyl nitrite molecules adsorbed on a three-layer block of Ag͑111͒. Based on classical intra-and intermolecular potentials and periodic boundary conditions, molecular dynamics ͑MD͒ simulation led to two domain structures at 100 K: those with CONO planes oriented nearly parallel and nearly perpendicular to the Ag͑111͒ surface. To simulate photodissociation dynamics of NO, many NO trajectories were determined, each carried out as follows. At some instant of the MD simulation, a CH 3 ONO molecule was randomly selected from within the group of 61 and its internal CH 3 O-NO bond was stretched to a defined dissociation transition state. The nascent NO was given momentum along the direction of the bond broken and NO translational and internal energies were chosen to match those determined experimentally in collision-free gas phase photodissociation. The motion of the whole adsorbate-substrate system was then calculated while following the trajectory of NO. Analyzing the ensemble of NO trajectories, we conclude that, while the initial orientation of the dissociating CH 3 ONO influences the number of subsequent collisions, the exit direction, and the final translational and internal energy of NO, it does not fully account for the properties of ejected NO. Furthermore, for those molecules lying nearly parallel to the surface, a transition state prepared by simply stretching the O-N bond is often located away from the lowest potential energy exit path due to interactions with nearest neighbor species. As a result, coordinates, e.g., internal twisting, other than the internal CH 3 O-NO stretching mode are intimately involved in the dissociation channel.
I. INTRODUCTION
The photodissociation dynamics of alkyl nitrites (R -O-NϭO→ROϩNO), both gas and adsorbed phase, have been widely studied. Methyl nitrite (CH 3 ONO) and t-butyl nitrite ͓͑CH 3 ͒ 3 CONO͔ are prototypical, cis-CH 3 ONO and trans-(CH 3 ͒ 3 CONO being thermodynamically favored. Gas phase ultraviolet photodissociation involves two excited states, S 1 and S 2 .
1-10 On S 1 , dissociation of the internal O-N bond, O ͑in͒ -N, occurs predissociatively within a few hundred femtoseconds ͑fs͒, 3, 4 while on S 2 the dissociation is ϳ10ϫ faster. 5 The NO dynamics have been investigated for isolated molecules and clusters, both experimentally [3] [4] [5] [6] [7] [8] and theoretically. 9, 10 Photodissociation of RONO on Ag͑111͒ occurs readily and, surprisingly, there is no evidence for substrate-mediated excitation. [11] [12] [13] Ag does play a role by aligning the adsorbates and relaxing the nascent NO. In general, NO translational energy distributions exhibit a strong angular dependence and, at each angle, comprise three distinguishable velocity components: fast, intermediate, and slow. There is a strong positive correlation between rotational and translational energy and the components can be interpreted qualitatively in terms of gas phase results. Phenomenologically, the fast, high rotational energy component has been ascribed to NO escaping without a collision; the intermediate component is ascribed to NO suffering one or more small energy loss collisions; and the slow, rotationally thermalized component arises from NO trapped and equilibrated prior to desorption. The intermediate component is, in many respects, the most interesting because it contains information about nonthermalizing NO collisions with surrounding adsorbate and substrate species as it moves along its exit trajectory.
CH 3 ONO adsorbs weakly and desorbs molecularly, i.e., no thermal dissociation and identifiable monolayer ͑110 to 122 K͒ and multilayer peaks ͑96 -103 K͒. 10, [13] [14] [15] There is good evidence for two-dimensional ͑2D͒ and 3D islanding, as expected, since the surface of Ag͑111͒ is electronically smooth and since CH 3 ONO has a strong permanent dipole moment.
In this paper we use classical molecular dynamics ͑MD͒ and quasiclassical trajectory ͑QCT͒ calculations to simulate NO ejection from a model adsorbate-substrate system held at 100 K and parametrized to reproduce thermal desorption and vibrational spectroscopic properties of monolayer and submonolayer coverages of CH 3 ONO on Ag͑111͒. MD and QCT analysis offers insight into experimental observations: adsorbate alignment, the nascent NO energy distribution and its evolution along the NO trajectory, the influence of coordinates other than O ͑in͒ -N, the nature of the observed intermediate translational energy component, and the correlation between translational and internal energy of NO.
II. METHOD
The simulation employs classical mechanics, with potential energy surfaces based on parameters taken from references or our ab initio calculations. Broadly, two steps are involved-first, molecular dynamics ͑MD͒ of the adsorbatesubstrate system and, second, dissociation trajectories from one molecule selected from among the adsorbates. In the latter, the simulation equations take account of the motion of all the atoms in the model.
The adsorbate-substrate system comprised 61CH 3 ONO molecules placed on a three-layer Ag͑111͒ substrate with lateral dimensions у30 Åϫ30 Å. By MD, the system was equilibrated to a stable ͑or ''standard''͒ configuration at ϳ100 K. By adjusting potential parameters and boundary conditions, we selected a standard configuration ͑SC͒ that exhibits interaction energies, surface density, and distribution of molecular orientations consistent with experimental findings. In this model, CH 3 ONO molecules are in constant motion and, at selected times, one randomly chosen molecule is dissociated, the direction and energy of nascent NO assigned, and the resulting NO trajectory calculated. In the following sections, we give additional details.
A. Geometries and potential energy functions
Intramolecular potentials
We modeled cis-CH 3 ONO because it is slightly more stable than trans-CH 3 ONO and because RAIRS of adsorbed CH 3 ONO at ϳ100 K indicates no trans-CH 3 ONO.
14 From microwave spectra, 16 cis-CH 3 ONO has a C s symmetry plane containing CONO, two hydrogens are positioned syn and staggered with respect to NvO, and the third is anti and eclipsed with the NvO bond. The intramolecular potential was determined by fitting ab initio data at B3LYP/6-31G** level to six Morse-type bond stretch terms, eight harmonic bending terms, and two multicosine torsion terms corresponding to HCON and CONO as V CH 3 ONO ϭV Morse ϩV Bend ϩV Torsion , where
and
Except for the CONO torsion term, taken from Ref. 17 , the parameters of these equations were obtained from Rice 18 and are listed in Table I . Dihedral angles are initially set to 0°f or CONO and 180°for HCON.
The intramolecular potential for the methoxy fragment, CH 3 O, was constructed using the CH 3 ONO parameters, excluding terms involving the terminal N and O, i.e., four bond-stretching and five angle bending terms. For NO, we used a parametrized Morse potential from the literature. 19 
Ag-Ag structures and potentials
Ag͑111͒ was modeled as a three-layer fcc lattice ͑4.0862 Å unit cell͒ with the surface normal parallel to the z axis and the ͓1 1 2͔ and ͓1 10͔ directions parallel to x and y, respectively ͑Fig. 1͒. To examine size effects on the thermally equilibrated adsorbate-substrate structures, four different Ag structures ͑A, B, C, D in order of decreasing size͒ were examined with 61 CH 3 ONO molecules. System C, 3ϫ168 Ag atoms, was used for the trajectory calculations.
Ag-Ag potentials, containing only nearest neighbor terms as in Ref. 20 , were modeled with Lennard-Jones LJ͑6, 12͒ functions containing parameters chosen to match a more sophisticated potential comprised of sums of harmonic and anharmonic terms. 20 While clearly oversimplified, the LJ function is reasonable and brings the simulation within the range of our computing capabilities. 
Adsorbate-adsorbate potentials
There are four pairs of interacting molecular species: CH 3 ONO-CH 3 ONO, CH 3 ONO-CH 3 O, CH 3 ONO-NO, and CH 3 O-NO. Each potential comprised two contributions-LJ and Coulombic-the latter through atomic partial charges. The LJ portion is a sum of pairwise atom-atom interactions. Each atom-atom interaction is itself a LJ potential with parameters taken from Table II. Using the geometric mean for and arithmetic mean for , these are combined to give the LJ portion of the intermolecular potential. In Table II , set A is based on the minima given by the Buckingham potential with the parameters of Ref. 21 and set B is taken from the work modeling molecules in an Ar matrix. 22 Attractive interadsorbate interactions are much stronger for set A.
The Coulombic contribution is a sum of pairwise atomatom partial charge interactions. The atomic partial charges were obtained from ab initio HF/6-31G** calculations for isolated CH 3 ONO, its elongated transition state form, and the dissociated products CH 3 O and NO and are shown in Table III . The geometry of CH 3 ONO comes from microwave work, 16 and the geometry of the transition state was that used in the simulations, i.e., the O ͑in͒ -N bond was stretched to 2.73 Å, with no other intramolecular changes. The HF/6-31G** calculations for CH 3 O and NO employed doublet spin multiplicity.
Adsorbate-substrate potentials
For CH 3 ONO-Ag and CH 3 O-Ag, only LJ functions ͑no Coulombic functions͒ were used with standard combination rules and parameters from Table II. For NO-Ag, a potential reproducing NO scattering on Ag͑111͒ was used.
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B. Configuration of adsorbates
For 61 CH 3 ONO molecules on one of the Ag models, boundary conditions of two kinds were examined. These take account of adsorbates moving off the edges of the Ag substrate. In the first, the positions and the momenta of atoms in molecules contacting an arbitrarily defined edge on the Ag lattice were redirected to their interior mirror images. While this reflection boundary condition has serious drawbacks, e.g., orientations of molecules near the barrier differ markedly from the ensemble average, it does provide an easy way to actively vary the surface density.
Periodic boundary conditions, although more difficult to apply, are preferable and were implemented by enforcing three conditions: ͑1͒ The substrate lattice must have the same symmetry as the periodic boundary conditions, a requirement satisfied with boundaries placed above the edge atoms of the second layer of Ag. ͑2͒ If the distance between two adsorbate atoms is greater than the half of the box length, the potential is computed to include the counterparts in the neighboring box. In effect, the atom subjected to the equations of motion is always in the center of a periodic box. ͑3͒ When a molecule crosses a boundary, it reenters from the opposite side of the periodic box.
The dependence of CH 3 ONO energy and orientation on surface density was first studied using the reflection barrier, the position of which need not meet the symmetry requirements set for periodic boundary conditions. The resulting information was used to set up reasonable periodic boundary conditions for the trajectory calculations, where working without edge effects is essential.
The MD simulation was initiated by calculating the minimum energy ͑i.e., 0 K͒ configuration using a damped molecular dynamic method, 23 a model with considerable kinetic energy that is cooled by arbitrarily removing a fraction of the kinetic energy as the system evolves. Typically, for 61 CH 3 ONO molecules on a block of Ag, the kinetic energy was reduced to Ͻ0.05 kcal mol Ϫ1 in fewer than 40 000 time steps of 0.1466 fs. Ensemble average intermolecular and adsorbate-substrate interaction energies were calculated from the potential energy terms of the resulting 0 K configuration.
From the 0 K configuration, the system was warmed in steps to 100 K by adding momenta to the lattice atoms of first two Ag layers, such that the kinetic energy per atom is 3kT(Tϭ100 K) and net linear momentum of the lattice remains zero. The MD computed motion of the Ag, C, N, O, and H atoms was then followed toward equilibrium as energy moves from the Ag lattice into adsorbates. Then, more momentum was added to the lattice atoms and the process repeated until the average kinetic energy of the lattice atoms was 3/2kT, Tϭ100 K. In this fashion the MD simulation reached thermal equilibrium to form a standard configuration ͑SC͒. This SC is integrated further and at intervals a CH 3 ONO is randomly selected, from which NO is released.
C. Selecting and dissociating CH 3 ONO
From the SC, using a random number generator, one molecule is selected for dissociation and weighted according to a transition probability that reflects the characteristics of the CH 3 ONO excited state being simulated and the orientation of the selected molecule. The weights are used with the results of many trajectories to model experimental distributions of escaping NO molecules.
While ab initio potential energy surfaces for S 1 and S 2 excited states of isolated CH 3 ONO are known, 5,9,10 we did not calculate the dissociation; rather, a dissociation configuration ͑transition state, TS͒ was defined by stretching O ͑in͒ -N to a length that would lead to dissociation, whereupon the NO and CH 3 O fragments were given energy and momenta consistent with gas phase photodissociation results. The ab initio potential 9, 10 shows that both excited states are repulsive for R O-N Ͼ3 bohr ͑or 1.6 Å͒. Since we cannot simulate the excited state potential, we arbitrarily elongated R O-N well beyond this length ͑2.7 Å͒. This ensures breaking of CH 3 O-NO with the ground state potential parameters and avoids the recombination of the two. So the transition state defined in this paper is not the conventional transition state. To bring the system to the TS, the O ͑in͒ -N bond of the chosen CH 3 ONO was arbitrarily stretched, without altering the NvO direction, to 2.7 Å along the O ͑in͒ -N bond direction ͓Ϯ a solid angle randomly selected from a Gaussian distribution with a predetermined standard deviation, 1 ͑Table IV͔͒. The Gaussian shape of the probability and its standard deviation reflect fluctuations of the dissociation coordinate. While dissociation of O ͑in͒ -N in ground state isolated CH 3 ONO increases the potential energy by ⌬V 0 , 34.2 kcal mol
Ϫ1
, due to breaking O ͑in͒ -N and forming NO, the situation is different for adsorbed CH 3 ONO. At 2.7 Å, forces operate between NO and CH 3 O and, more importantly, with surrounding atoms of Ag, C, N, O, and H. The total system potential energy change, ⌬V, accompanying the stretching of the selected O ͑in͒ -N was computed and ͉⌬VϪ⌬V 0 ͉ was minimized by moving, within limits, the seven atoms of CH 3 O-NO, keeping its center of mass position fixed. The limits were set by specifying ranges for three Euler angles to
for S 2 excitation͒, the configuration is taken as an acceptable TS. Otherwise, the process was repeated by incrementally shortening O ͑in͒ -N to as low as 2.3 Å and sampling the Euler angle space. If for 30 tries ͉⌬VϪ⌬V 0 ͉ still failed to fall below V lim , the selected molecule is abandoned, and the MD walk continues by selecting a different molecule from the SC.
D. Properties of nascent species
Once a TS was successfully formed, the direction taken by the nascent NO was selected randomly from a Gaussian solid angle distribution ͑width 2 , Table IV͒ centered on the TABLE IV. Summary of the trajectories. First column: classification of trajectories; for details, see the text. Class F is the case for failure in producing TS. Second column: number of outcomes. Third column: ratio of outcomes of species 1: species 2: species 3 for the orientations of the dissociating molecules. Fourth column: 0 , the initial direction of the O-N bond of the transition state measured from the surface normal. Fifth column: ͉⌬͉ϭ͉ final Ϫ 0 ͉, change of the NO flight angle from the initial direction of the O-N bond. Sixth column: change of rotational energy of NO.
Class
Freq. O ͑in͒ -N bond direction. The nascent NO translational energy was assigned as E gas Ϫ f (⌬VϪ⌬V 0 ) where f is used to partition available energy between NO and CH 3 O, and E gas is the maximum NO translational energy found experimentally for gas phase CH 3 ONO photodissociation ͓0.55 eV for S 1 transition at 351 nm and 0.86 eV for S 2 transition at 248 nm ͑Ref. 4͔͒ and ⌬V 0 ϭ34.2 kcal/mol. Typically, f ϭ0.33 was used; although sensible, this choice is arbitrary. Increasing it to 0.5 broadens the initial distribution of translational energies by 50%. The momenta of the five atoms in nascent CH 3 O were assigned so that only center-of-mass translational energy was imparted to the nascent CH 3 O-NO system. Rotation was imparted to nascent NO by giving linear momenta to N and O, oppositely directed and perpendicular to the NO bond axis. The initial rotational energy was computed with the standard rigid rotor quantum mechanical for-
Ratio
where J m is the maximum value obtained from gas phase photodissociation, 4 i.e., J m ϭ40 for S 1 and J m ϭ60 for S 2 .
The vibrational energy of nascent NO was assigned by giving equal magnitude linear momenta to N and O oppositely directed along the NvO bond axis. The initial vibrational energy was calculated from the quantum mechanical harmonic oscillator energy,
, with quantum numbers assigned based on maxima found for gas phase photodissociation, i.e., vϭ4 for S 1 excitation at 351 nm and vϭ2 for S 2 excitation at 248 nm. 4 
E. NO trajectories
Having given momenta to nascent NO and CH 3 O, the temporal evolution of all the atoms in the system ͑except the third layer of Ag͒ was followed and terminated after either 15 000 time steps or when the NO center of mass moved 10 Å from the surface. Throughout this simulation process, the center of mass and the translational and internal energies of NO were recorded.
III. RESULTS AND DISCUSSION
A. Standard configurations
The phase space available to a standard configuration ͑SC͒ provides initial configurations ͑ICs͒ from which dissociation trajectories are initiated; typically, each IC is separated by 200 MD time steps of an SC. More than 40 SCs were generated at 100 K using different combinations of boundary conditions and potential parameters. Figure 1 shows a section from one configuration of an SC similar to that used in the NO trajectory calculations. The CONO plane of species labeled 1 lies nearly parallel to the Ag surface, while this plane of species 2 lies nearer the surface normal. Species 2 falls into two subclasses, depending on the angle between the surface plane and the CONO plane-ϳ85°for species 2a and ϳ65°for species 2b. Species 2a is dominant for set A LJ parameters and species 2b for set B ͑Table II͒. There is also a minority species for set A ͑see below͒.
Distribution functions for SC properties were determined by analyzing 10 ICs, each separated by 1000 MD time steps ͑0.1466 ps͒. The SC used for NO trajectories includes Ag lattice C, periodic boundary conditions, set B LJ parameters ͑Table II͒ for adsorbate-substrate interactions, and set A LJ potential parameters ͑Table II͒ with 70% atomic partial charges for intermolecular interactions ͑Table III͒. Figure 2 shows, for this SC, distributions ͑610 data points͒ of angles taken by the CH 3 ONO molecules with respect to the Ag surface. ␣ 1 is the angle between the surface normal and O ͑in͒ -N, ␣ 2 between the surface normal and NvO, ␣ 3 between the CON and surface plane, and ␣ 4 between the ONO and surface planes. In isolated CH 3 ONO, the four atoms, CONO, are coplanar, so we plot (␣ 3 ϩ␣ 4 )/2. Figure 2 is typical of the 40 SCs examined; depending on the potential functions and the surface density, the distributions often exhibit two or three local maxima reflecting alignment of CH 3 ONO with respect to the Ag surface. In Fig.  2 , one of the major species, like ''lying-down'' species 1 in Fig. 1 , is described by ␣ 1 ϳ100°, ␣ 2 ϳ80°, and ␣ 3 ͑or ␣ 4 ͒ ϳ15°. The other major species, like ''standing-up'' species 2a in Fig. 1 , is described by ␣ 1 ϳ25°, ␣ 2 ϳ45°, and ␣ 3 ͑or ␣ 4 ͒ ϳ85°. As expected, the relative population of species 1 increases when the SC involves low-density CH 3 ONO and/or relatively strong attractive adsorbate-substrate interaction parameters. Species 2, on the other hand, becomes more important when the surface adsorbate density is high and/or the interadsorbate interaction parameters are relatively strong.
The minor species ͑species 3͒ in Fig. 2 is characterized by broadly distributed ␣ 1 between 120°and 170°, by ␣ 2 ϳ40°, and by ␣ 3 ϳ80°. This species makes, at most, minor contributions to the 40 SCs examined, except when the thermal energy overcomes the interactions between species, and no particular orientation is favored. In Fig. 2, species 3 comprises 10% of the total and the O ͑in͒ -N bond is typically directed towards the Ag surface. Generally speaking, analy- . For adsorbate-adsorbate interactions, either set A or set B ͑Table II͒ proved acceptable, provided atomic partial charges in Table III were reduced when set A was used. Set A was used for the NO trajectory calculations.
Turning to the four model Ag substrates ͑A, B, C, and D͒ covered with 61 CH 3 ONO molecules, B has 2.55, C has 2.75, and D has 2.98 surface Ag atoms per CH 3 ONO. The intermolecular spacing in substrate D is near the close-packed intermolecular spacing of CH 3 ONO's based on liquid densityϭ0.99 g cm Ϫ3 . 15 Because substrate D required excessive reduction of the atomic partial charges to meet the interaction energy range, substrate C was chosen for the NO trajectory simulations.
Two of the 40 SCs examined were consistent with these experimental properties. The first, SC͑I͒, used in the NO trajectory calculations and described in connection with Fig. 2 , exhibits Ϫ4.2 kcal mol Ϫ1 for ͗E inter ͘ and Ϫ4.7 kcal mol Ϫ1 for ͗E ads-sub ͘ in the 0 K configuration. The second, SC͑II͒, was calculated using set B LJ parameters for both adsorbateadsorbate and adsorbate-substrate interactions and partial atomic charge reduced to 90% of the values in Table III . While this SC exhibits similar energy averages, i.e., Ϫ4.4 kcal mol Ϫ1 for ͗E inter ͘ and Ϫ4.9 kcal mol Ϫ1 for ͗E ads-sub ͘ in the 0 K configuration, it gives an ensemble average tilt of the CONO plane of species 2 that lies somewhat further from the surface normal than SC͑I͒. While trajectories using SC͑II͒ are worth investigating, we chose SC͑I͒.
B. Temporal stability of SC"I…
As the SC phase space provides the ICs for a new dissociation trajectory every 200 time steps, 100 000 steps ͑or about 15 ps͒ separate the first and last IC ͑500th IC͒. Figure  3 summarizes how the adsorbate configurations are distributed across the Ag block for the first and last IC ͑periodic boundary conditions applied͒. The circles are placed at the nominal ͑x,y͒ coordinate of a certain adsorbate; the circle area indicates the magnitude of E ads-sub . The largest circle in Fig. 3͑a͒ , the first IC, corresponds to E ads-sub ϭϪ9.2 kcal mol Ϫ1 . In Fig. 3͑a͒ large circles tend, on average, to lie near the edges while medium circles lie near the center. For large circles, the CONO plane lies nearly parallel to the surface ͑species 1͒, while for the medium circles, this plane aligns more nearly with the surface normal ͑species 2͒. A plot of the adsorbate-adsorbate interaction would reverse the sizes of all the circles. We note that several circles are tiny and lie very near a large circle. These tiny circles describe adsorbates that are further from the Ag surface and might be classified as weakly bound dimer complexes. For  Fig. 3͑b͒ , which occurs 10 5 time steps after Fig. 3͑a͒ , the orientations have changed. To track changes qualitatively, we recorded the coordinates of the 61 CH 3 ONO molecules for every fifth IC. The following trends were noted:
͑1͒ As required for periodic boundary conditions, edge molecules occasionally cross the boundaries in both directions, but there is no net flow of molecules.
͑2͒ Comparing Figs. 3͑a͒ and 3͑b͒, we note that although some of the dimeric complexes decayed, most remained. Thus, the estimated dimer average lifetime lies between 10 and 100 ps. These complexes are not generally present in other SCs.
͑3͒ Species 1 and 2 form their own local domains. While individual molecules translate and rotate, the domains remain near their initial positions but expand or shrink. In Fig.  3 , for example, local domains of species 1 expand in passing from Fig. 3͑a͒ to 3͑b͒ . From these observations, we describe the model CH 3 ONO/Ag͑111͒ system at 100 K as a 2D glassy island rather than a 2D liquid.
Distributions of the internal angles of all molecules in 10 configurations between 0 and 10 000 MD time steps are shown in Fig. 2 . Based on ␣ 1 , three categories were defined: category 1 ͑60°to 120°͒, category 2 ͑0°to 60°͒, and category 3 ͑120°to 180°͒. The fractional populations of the three species, 1:2:3, varies from 0.49:0.40:0.11 in the first 50 ICs to 0.58:0.24:0.18 in the final 50 ICs. In the 0 K configuration, the fractions are 0.20:0.75:0.05. The changes between 0 and 100 K are easily understood in terms of entropy ͑species 1 is less restricted and thus has higher entropy than species 2͒.
At 100 K, adequate sampling, during 10 5 time steps for 500 ICs, of the total phase space available to the SC becomes an issue. After 500 ICs, we extended the MD walk fourfold to 4ϫ10 5 time steps ͑60 ps͒ without dissociation trajectory. The total adsorbate-substrate interaction became steady after 2ϫ10 5 time steps ͑60 ps͒, whereas the total adsorbateadsorbate interaction changed very little from the first to the last time step. This temporal behavior is the result of expanding local domains of species 1 at the expense of species 2 domains. The adsorbate-adsorbate interaction energy does not change, since species 3 increases to compensate the lower fraction of species 2. We conclude that the size of our Ag lattice is insufficient to model local domain sizes and that the trends we find are associated with the slow interconversion of the local domains. This remains a topic for further investigation.
C. Collisions during NO trajectories
Using SC͑I͒, 500 ICs were examined for two excitation conditions ͑corresponding to S 1 and S 2 excitation͒ and they are summarized in Table IV . Except where noted, we focus on parameters associated with S 2 . The potential energy criterion for the TS was not met for 135 of the 500 ICs. NO trajectories for the remaining 365 cases were placed in five classes ͑A through E͒, depending on the number of collisions and the angle changes associated with them, as follows: collisionless ͑class A͒, soft single collision ͑class B͒, hard single collision ͑class C͒, multiple collisions ͑class D͒, and trapped ͑class E͒. If the NO azimuthal angle ͑͒ or the polar angle ͑͒ changes by 5°to 12°during the first 500 time steps, that trajectory is assigned to class B. Similarly, a hard collision, class C, involves changes of these angles by more than 12°. To enter class D ͑multiple collisions͒ only hard collisions are counted.
NO trajectories in classes B, C, and D were further subdivided ͑denoted with subscripts 1, 2, and 3 attached to letters͒ according to loss of translational energy. Subscript 1 NOs lose less than 10% of their initial translational energy, subscript 2 between 10% and 20%, and subscript 3 more than 20%. Figure 4 shows some examples. Trajectory 1, Fig. 4 , belongs to class B 1 ; minimal translational energy is lost but angle changes ⌬ϭ5.5°, ⌬ϭ13.4°are appreciable. Trajectory 435 belongs to class B 2 ; both translational energy damping and angle changes are intermediate. Trajectory 28 is typical of class A; averaged, the initial translational energy, 19 to 21 kcal mol Ϫ1 , decreases by 8%, and the two flight angles ͑, ͒ change by 2°. These changes, common to all trajectories in class A, are required to overcome attractive interactions with the surrounding adsorbate and substrate atoms. Rotational energy in class A always oscillates and is out of phase with the vibrational energy, i.e., Coriolis interaction. Otherwise, the temporal behavior of the vibrational energy is featureless, i.e., the total (kineticϩpotential͒ NO vibrational energy does not change ͑not shown͒.
Examples of single hard collisions, siderable insight that forces reconsideration of simple collision models to describe experimental results. In most cases, NO moves promptly and monotonically away after reaching the distance of closest approach. In a few cases, NO moves toward the collision partner a second time before it moves away. In very few cases, NO collides twice with one partner. Trajectory 108 is in class C 1 ; NO loses little translational energy but angle changes are large. This example illustrates that it is possible to gain translational energy while sacrificing rotational energy. Trajectory 362 is in class C 2 ; the translational and rotational energy remained high after a hard collision for which ⌬ was 20°. Trajectory 103 illustrates class C 3 ; both the translational and rotational energy are damped significantly. In this case, NO was initially ejected almost parallel to the surface ( 0 ϳ90°) but escaped because a hard collision changed its direction by 60°. Multiple hard collision trajectories, class D, are shown in Fig. 6 . In trajectory 333, assigned to class D 1 , NO first collided with the substrate and then had two collisions with other molecules. Strikingly, the substrate collision increased the NO translational energy, while the subsequent collisions decreased it. Typically, in NO collisions with the substrate, little or no translational energy change occurs. In trajectories 30 and 89, the first collision was with an adsorbate, and NO lost significant translational energy in the first collision but survived the subsequent collisions and escaped the surface. Of the 46 trajectories in class D 3 , only five went over 10 000 steps; typically there were two or three collisions, and NO escaped after 4000 to 8000 time steps.
Class E trajectories are depicted in Fig. 7 . NO remained close to the surface through multiple encounters and did not escape during the maximum number of steps ͑15 000͒.
According to Table IV , species 2 ͑standing-up͒ dominates contributions to classes A, B 1 , B 2 , and C 1 , while species 1 ͑lying-down͒ dominates classes C 3 , D 3 , and E. Minority species 3 typically either fails to produce the transition state or is trapped on the surface. This indicates that the polar direction of the O ͑in͒ -N bond in the TS dissociation configuration ( 0 ) is, as anticipated, a critical factor in the classification.
Intuitively, NO derived from species 2 would escape the surface in a variety of ways-collisionless ͑class A͒, grazing ͑classes B 1 ,B 2 ͒, and obtuse ͑classes C 1 ,C 2 ͒ trajectories. For NO from species 1 to escape after one collision requires an obtuse deflection towards the surface normal. This event has low probability because, for a given impact parameter, large ⌬ and small ⌬ are required.
However, the initial O ͑in͒ -N bond direction is not the only important factor. In terms of translational energy, A, B 1 , and C 1 trajectories, and most B 2 and C 2 trajectories, would be experimentally indistinguishable, as the degree of translational energy damping is small. However, other NO trajectory properties, e.g., NO ejection angle and rotational energy damping, can be very different. For example, in class C 1 the average polar angle deflection is about 30°, and the average rotational energy damping is 7.3 kcal mol Ϫ1 ͑Table IV͒. Figure 8 shows the distributions of the final polar angles ( final ) for each class with ͑lines͒ and without ͑bar graph͒ cos final weighting. The total ͑upper panel͒ compares favorably with measurements at 248 nm. 11 The distribution in class A ͑second panel from top of Fig. 8͒ resembles the distribution, for species 2, of initial O ͑in͒ -N angles measured from the surface normal (␣ 1 ) in that with a few exceptions, 0°Ͻ final Ͻ60°. But species other than species 2 contribute to class A. For example, species 1 dissociations, for which NO does not collide with a nearest or a next-nearest neighbor, contribute a few collisionless events at large angles, 60°Ͻ final Ͻ75°. The probability of collisionless trajectories increases rapidly when the initial polar angle ( 0 ) is less than 50°, so that the distribution of final in class A maximizes around 25°.
D. NO angular distributions
For class B ͑soft single collision NO trajectories͒, the angular distribution is broad and featureless. Examination reveals that even for initial orientations with 0 р30°, grazing or obtuse collisions are possible. These involve dissociation from a CH 3 ONO centered nearer the substrate than its collision partner. For trajectories of class C ͑hard single collisions͒, the deflection angle ͑⌬͒ is typically large, and final is broadly distributed. As expected, class D ͑multiple collisions͒ trajectories are very broadly distributed. Class E ͑trapped NO͒ distributions of final reflect the expectation that, in a system with thermal energy nearly sufficient to drive thermal desorption, NO trapped on the time scale of these calculations will be randomly oriented.
E. NO translational energy distributions
The distributions of NO translational energy, final ͑bars͒ and initial ͑lines͒, appear in Fig. 9 . The distributions can be partitioned into three components-high ͑15 to 22 kcal mol Comparing initial and final translational energies ͑Fig. 9͒ provides an interesting observation. The initial distribution has two maxima-the higher from species 2 and the lower from species 1 and 3. The origin lies in the potential energy differences involving interactions between the stretched CH 3 ONO and its surroundings. The initial NO translational energy window is set in the range V gas Ϯ 1 3 (V lim ). Thus, with V gas ϭ19.8 kcal mol Ϫ1 and V lim ϭ12 kcal mol
Ϫ1
, initial translational energies will lie between 15.8 and 23.8 kcal mol
, and these match experimental data for collisionless component of NO. While all NO from species 2 are in this range, many from species 1 and 3 are not, even when O ͑in͒ -N elongation is reduced to its minimum value, 2.3 Å. Stretching O ͑in͒ -N of the latter two species leads to stronger repulsive interactions, typically ϳ12 kcal mol
, so that many do not meet the criteria for a TS.
We now consider the role of vibrational modes other than the O ͑in͒ -N stretch. Bending or torsional modes, e.g., O-NO ͑Ref. 10͒ and HCON, are of interest because the barriers are small, i.e., vibrational frequencies are low. In isolated ground state CH 3 ONO, the HCON motion involves a barrier of only 1.9 kcal mol Ϫ1 . 17 The SC used in these simulations is typical of those we examined; there is twisting along the HCON torsional coordinate by a few tens of degrees, so both the CH 3 groups and the ONO group can maximize interactions with the surface. Recent reflectionabsorption infrared spectroscopy of saturation monolayer t-butyl nitrite on Ag͑111͒ shows that the CONO plane lies nearly parallel to the substrate, i.e., dominated by species 1. Nevertheless, 248 nm photodissociation from this configuration exhibits strong NO signals at high translational energy. 25 In part, and worthy of further study, this could indicate a significant role for HCON torsion as well as O ͑in͒ -N stretching, e.g., photon excitation of RONO in the presence of weakly repulsive surrounding RONO ''steers'' the trajectory by rapid acceleration along the torsional coordinate as O ͑in͒ -N stretches. Thus, the accelerating NO avoids hard collisions with neighboring species and escapes without losing large amounts of translational energy.
For each trajectory class and their sum, simulated flight time density spectra, directly comparable to raw experimental time-of-flight ͑TOF͒ spectra, are shown in Fig. 10 . These were obtained as follows. First, the flux spectrum, S(t), was obtained by transforming the translational energy to time of flight, t, using tϭͱ ml
where l is the length of flight, and recounting the outcomes per time step. The flux-to-density conversion was realized using tS(t). 26 Just as in the energy spectrum of Fig. 10 11 We could bring the simulation into better agreement with the experiment by ͑1͒ reducing the relative population of species 2, and/or ͑2͒ getting more participation of species 1 by loosening the criteria for producing an acceptable TS. The temporal full width at half maximum ͑FWHM͒ of fast component of the simulated TOF density is much narrower, ⌬t FWHM ϳ3 s, than the experimental value, ⌬t FWHM ϳ15 s.
11 Including internal motions other than the O ͑in͒ -N stretch in defining the TS dissociation configuration would likely broaden the simulated distribution. One likely candidate is, as described above, the HCON torsion coordinate. Including torsional motion in defining the TS would also increase relative contributions from species 1, since the dissociation configurations would be more stable, and thus a greater fraction would be acceptable as a NO trajectory IC.
F. Translational energy and internal energy correlation
In the simulation, the initial rotational (J m ϭ60) and vibrational (vϭ2) kinetic energies of NO are 17.9 and 13.7 kcal mol Ϫ1 , respectively. Vibrational damping is negligible in all the NO trajectories. Even in class E, where more than five collisions is typical, vibrational energy is not damped more than 2 to 3 kcal mol Ϫ1 . Rotational energy, adjusted for Coriolis coupling, on the other hand, is strongly damped in many NO trajectories and, as observed experimentally, correlates to varying degrees with translational energy damping ͑Fig. 11͒. The correlation in classes A and B is high since distributions in both energy modes are narrow, i.e., negligible damping. In other classes the correlation is not as strong. As examples, in classes C 1 and C 2 , the rotational energy is damped much more than the translational energy, and in classes C 3 and D 3 , both the translational and rotational energies are damped appreciably, but there is no strong trajectory-by-trajectory correlation. In class E, molecules are hotter rotationally than translationally, i.e., rotational energy is relaxing more slowly than translational energy. 11 . Correlation between the final translational and rotational energies of NO. The rotational energy is adjusted by adding (E vib ) final Ϫ(E vib ͒ initial to account for the Coriolis oscillations of the vibrational energy. In some low rotational energy cases, the correction is overcompensated by slight damping in the vibrational energy so that a negative energy is calculated.
G. S 1 excitation
Briefly, the right-hand side of Table IV summarizes results for simulation of the S 1 CH 3 ONO excitation. Compared to S 2 , the average S 1 dissociation trajectory begins with smaller translational energy ͑12 kcal mol Ϫ1 ͒, smaller rotational energy ͑8 kcal mol Ϫ1 ͒, and a higher vibrational energy ͑24.6 kcal mol Ϫ1 ͒. The maximum tilt angles for the TS dissociation configuration were arbitrarily made threefold larger than those of the S 1 excitation. However, the results are qualitatively similar to those for the S 1 excitation.
Since the experimental transition dipole moment of S 2 excitation lies close to the NvO bond, while that of S 1 is orthogonal, incident polarized light can selectively excite different populations of adsorbates. Suggesting this as a future direction for experiments, Fig. 12 illustrates averages over SC for species 1 and 2, assuming s-and p-polarized light incident at polar angle ⌰ L . For S 2 , selective excitation is small at best, Fig. 12͑b͒ , but for S 1 , simulated selectivity is better because the transition dipole of species 1 is nearly perpendicular to the surface. For example, using s polarization, species 2 is favored by a factor of 2.5 over species 1. Using p-polarized light, the relative transition probabilities of species 1 and 2 vary in opposite directions with ⌰ L , Fig.  12͑a͒ .
IV. SUMMARY
Keeping in mind its limitations, this simulation provides interesting insights into the dynamics of experimentally interesting surface photochemistry: NO ejected from CH 3 ONO adsorbed on Ag͑111͒. From this simulation, the following findings emerge as important considerations in the dynamics of CH 3 ONO photodissociation on Ag͑111͒:
͑1͒ 2D islands, inferred from TPD experiments, for coverages below saturation, likely form at least two types of glassy domains within which adsorbates are locally ordered, e.g., the lying-down species 1 in some domains and standing-up species 2 in others. At very low temperatures, species 2 will dominate but as the temperature increases, entropic effects make domains of species 1 more important.
͑2͒ Oversimplifying by assuming that stretching the internal O-N bond, O ͑in͒ -N, is the only important coordinate leading to dissociation ͑i.e., a one-dimensional dissociation channel͒, the orientational distribution of adsorbed molecules with respect to the surface is the most important factor in determining the fate of NO leaving the surface. The simulations indicate that average adsorbate orientations are inadequate when treating the experimental results.
͑3͒ The simulations suggest that coordinates other than the internal O-N bond, for example, the HCON torsion, which has a very low barrier to its excitation, should be included as part of the typical dissociation path in order to properly interpret experimental results. Distributions of the NO flight angle and final translational energy derived from the simulation point out the limitations of a simple onecoordinate collisional model that relies solely on the average initial orientation of the O ͑in͒ -N bond with respect to the surface normal.
͑4͒ The 1D dissociation path hinders dissociation from lying-down species 1 because stretching the O ͑in͒ -N coordinate often places the dissociating molecule in a configuration that involves strong repulsive forces due to neighbors. This position is not acceptable as a transition state dissociation configuration. Including other coordinates in the path to dissociation could allow, for example, rotation about the HCON coordinate as O ͑in͒ -N stretches, thereby increasing the impact parameter of NO collisions with neighbors and, thus, producing contributions to the fast channel from species 1.
